EXPOSURES Sociodemographic and behavioral maternal risk factors, previous pregnancy history, and maternal and fetal conditions during pregnancy were investigated as risk factors for stunting and wasting. Anthropometry at birth was used to predict for neonatal prognosis.
N eonatologists have consistently differentiated proportionately from disproportionately developed newborns using a combination of anthropometric measures, such as Rohrer's Ponderal Index 1 (weight/length 2 ).
Curves relating the Ponderal Index to gestational age at birth (based on babies born between 1948 and 1961 in a US hospital 3 ) are widely used for clinical and research purposes, but, in many countries, birth weight alone is used.
This lack of a consensus conflicts with the literature 2 on infant and child nutrition that recognizes that low weight at a given age may result from stunting (short length for age, reflecting linear growth restriction), wasting (low weight for length, or low body mass index [BMI] for age, often reflecting recent weight loss), or both these phenotypes. This body of literature acknowledges that although infant and child stunting and wasting share some common determinants, they are fundamentally 2 distinct phenotypes with different timing and duration of the causal insults, specific risk factors, varied distributions across populations, and different prognoses. The reasons for the disparities in evaluating and classifying the nutritional status of newborns and infants across such a short period of life remain unclear. Classifying newborns as proportionately or disproportionately developed 4 and infants as stunted or wasted is conceptually similar, but different criteria are used to define these phenotypes. Therefore, we used the recently published International Fetal and Newborn Growth Consortium for the 21st Century (INTERGROWTH-21 st ) Project prescriptive standards for newborn length and weight 5 to produce corresponding BMI values (calculated as weight in kilograms divided by length in meters squared) for gestational age standards, enabling newborns to be characterized using the same indicators already applied in infancy and childhood.
In the present study, we used the INTERGROWTH-21 st Project length and BMI for gestational age standards to classify more than 50 000 newborns. We tested the hypothesis that stunting and wasting evaluated at birth are separate phenotypes that, despite sharing some common risk factors, have different determinants and prognostic implications.
Methods
Newborn size was measured in the Newborn Cross Sectional Study, a component of the INTERGROWTH-21 st Project. The birth weight and birth length of newborn babies from 8 geographically defined urban populations were measured using the same methods and identical equipment. A detailed description of the study design, methods, and strategy for selecting the study populations is available elsewhere. 6 
Study Population
The Participating hospitals covered more than 80% of all deliveries in their corresponding geographically demarcated areas. Data collection continued for 12 consecutive months at each site or until the target of more than 7000 deliveries per site was attained. The strategy of studying the entire unselected newborn population allowed a large number of smallfor-gestational-age and preterm babies to be identified.
Inclusion and Exclusion Criteria
All singleton newborns with a reliable gestational age validated by ultrasonography between 33 and 42 weeks' gestation, as defined below, were included in the present analysis. This population constituted the Newborn Cross-Sectional Study, 1 of the 3 main components of the INTERGROWTH-21 st Project.
During the preparatory phase of the INTERGROWTH-21 st Project, all participating hospitals adopted a policy of estimating gestational age at the first antenatal visit by performing an ultrasonographic examination to measure either fetal crown to rump length (if <14 weeks' gestation) or head circumference (if ≤24 weeks' gestation). If the pregnancy was more than 24 weeks' gestation, the estimate was considered reliable only if it was within 1 week of the gestational age estimation based on the date of the woman's last menstrual period. 7 
Potential Risk Factors
Information on maternal social, demographic, environmental, and clinical characteristics, as well as pregnancy and delivery outcomes, was taken from the medical records and complemented by information from health care professionals (if records were incomplete) and interviewing mothers using a structured questionnaire.
At a Glance
• Used recent international standards for newborn size by gestational age to investigate how stunted newborns differ from wasted newborns in terms of risk factors and prognosis.
• Stunting (<third centile of birth length for gestational age) affected 3.8% and wasting (<third centile of body mass index for gestational age) affected 3.4% of all newborns.
• Of the 26 conditions studied, 5 were more strongly associated with stunting than with wasting: short maternal height, younger age, smoking, drug use, and clinically suspected intrauterine growth restriction.
• Wasting was more strongly related with 4 newborn outcomes:
neonatal intensive care unit stay, respiratory distress syndrome, transient tachypnea, and no oral feeding for more than 24 hours.
• Although newborn stunting and wasting share some common determinants, they are distinct phenotypes with their own risk factors and neonatal prognoses.
Several risk factors that could affect newborn body size were studied. Social and biological maternal variables comprised maternal educational level in completed years, age, parity, height, weight, and BMI. Maternal behavior during pregnancy included reported smoking and use of alcohol or illicit drugs. For parous women, reproductive history was collected on previous low-birth-weight and preterm newborns, stillbirths, and newborn deaths. Maternal conditions during the index pregnancy comprised epilepsy, gestational diabetes mellitus, pregnancy-induced hypertension, preeclampsia, severe preeclampsia or eclampsia, and suspected intrauterine growth restriction defined by ultrasonographic evidence of growth restriction or a clinical indication reported in the medical records.
Outcomes
Newborn anthropometric measures were obtained within 12 hours of birth, using identical equipment at all sites: electronic scale for birth weight (Seca), recumbent length using a specially designed Harpenden infantometer (Chasmors Ltd), and head circumference using a metallic nonextendable tape measure (Chasmors Ltd). 8 Measurement procedures and protocols were standardized based on World Health Organization recommendations to ensure maximum validity. 9 The body measurements were collected independently in duplicate by 2 trained anthropometrists for all births, including stillbirths. If differences between measurements exceeded the set maximum allowable values (birth weight, 50 g; birth length, 7 mm; and head circumference, 5 mm), both observers independently obtained a second measurement. The intraobserver and interobserver error of measurement values, obtained during the standardization and retraining sessions of anthropometry staff, were 0.3 to 0.5 cm for recumbent length. 10 During the study period, all newborns, including those admitted to the neonatal intensive care unit (NICU) at the special care level or another referral care level, were assessed daily until hospital discharge. We captured 3 newborn outcomes: (1) death before hospital discharge, (2) NICU admission for 7 or more days (as a proxy for severe neonatal morbidity), and (3) newborn morbidities affecting more than 1% of the sample (ie, respiratory distress syndrome, transitory tachypnea, neonatal sepsis, hyperbilirubinemia, hypoglycemia, no oral feeding for >24 hours 7 ). Neonatal outcomes were assessed until hospital discharge.
Data Management and Standardization
Methods for training, standardization, and quality control were uniformly used across all sites. 10 Neonatal clinical practices, including NICU care and feeding, were also standardized based on a package of minimum evidence-based practices following a protocol adopted by the INTERGROWTH-21 st Project Neonatal Study Group. 10, 11 All supporting documentation and data collection forms were prepared by the Project Coordinating Unit, translated into the main local language, tested locally, and introduced into our electronic data management system (http://www.intergrowth21 .org.uk). 12 All forms were linked to reduce duplication and facilitate quality control measures.
Statistical Analysis
Newborns were divided into 2 distinct impaired fetal growth phenotypes (stunted and wasted) based on birth length and BMI measurements at birth that were less than the respective third centiles of the INTERGROWTH-21 st Project Newborn Size Standards. 13, 14 A newborn could also be classified as both stunted and wasted.
In separate analyses, we investigated risk factors associated with newborn stunting and wasting and then the neonatal prognoses for these phenotypes. Published risk factors on low birth weight were explored using multivariable logistic regression models. Six maternal variables (educational level, height, weight, BMI, age, and parity) were treated as categorical variables (as presented in the Results section); the remaining risk factors and outcomes were dichotomous.
A conceptual model was defined a priori to guide the analyses. 15 Distal maternal determinants, including the mother's social and biological characteristics, and behaviors (smoking, as well as alcohol or illicit drug use) were adjusted for one another. Proximate determinants (ie, maternal and fetal conditions diagnosed during the index pregnancy) were adjusted for one another and for the distal maternal determinants that represent potential confounders. 15 Previous pregnancy outcomes (low birth weight, preterm birth, fetal or neonatal deaths) were deemed to be risk markers rather than determinants and were not included as confounders in these models. All regression analyses included the study site as a categorical covariate. In the first set of logistic models, fetal stunting and wasting were used as separate explanatory variables for newborn mortality and morbidity, as well as for NICU stay. The second set of analyses assessed the roles of the above distal and proximate determinants on newborn stunting and wasting.
The results were adjusted for study site and possible confounders (as described above). Unless otherwise stated all associations reported were significant at P < .05. Bootstrapping procedures with 1000 independent samples were used for each risk factor and prognostic outcome to compare the log odds ratios (ORs) associated with stunting and wasting. Statistical analyses were carried out with IBM SPSS Statistics, version 22 (IBM Corp) and Stata, version 11 (StataCorp LP).
Results
The proportional contributions of newborns to the total population by site were Brazil (9.8%), China (12.4%), India (13.2%), Italy (12.8%), Kenya (12.8%), Oman (13.8%), England (14.5%), and the United States (10.6%). The total sample included 24 817 girls (48.5%) and 26 378 boys (51.5%); information was missing on sex for 5 newborns. Information on birth weight was missing for 114 newborns (0.2%) and on birth length for 894 (1.7%) of all newborns.
From the 60 206 singleton live births during the study period, which ended on March 2, 2014, we selected all new-Copyright 2015 American Medical Association. All rights reserved.
borns between 33 weeks' and 42 weeks 6 days' gestation at birth (51 200 [85%]) with reliable ultrasonographic dating.
Stunting and wasting affected 3.8% (1944 of 51 086) and 3.4% (1729 of 50 306) of all newborns, respectively; 0.7% of the newborns (n = 344) were stunted and wasted. The mean gestational ages of the 4 newborn subgroups (eTable in the Supplement) were similar. Those who were stunted and wasted were lighter than the rest of the sample, with smaller head circumferences. Stunted-only newborns were 120 g heavier than wasted-only newborns but otherwise similar. We then compared all stunted with nonstunted (including wasted) newborns, and all wasted with nonwasted newborns.
Tables 1, 2, 3, and 4 report the associations between newborn stunting and wasting with risk and prognostic factors. The Box presents the results of the analyses testing whether, for a given risk factor or prognosis, there was a significant difference between the ORs for stunting and wasting.
A total of 211 newborns (mortality rate of 4 per 1000) died before hospital discharge, and 1556 newborns (3.0%) were admitted to the NICU for 7 or more days. After adjusting for study site and maternal social and biological confounders, the ORs (95% CIs) for neonatal mortality associated with stunting and wasting were 7.4 (3.9-14.4) and 3.7 (1.5-9.6), respectively. In the last column in Table 1 , we adjusted newborn BMI for length (both were adjusted for gestational age) and vice versa, including them as continuous variables in the models. In these adjusted analyses, stunting remained significantly associated with neonatal mortality; wasting did not.
Newborn wasting was more strongly associated than stunting with poor neonatal outcomes, including NICU stay of 7 days or more, respiratory distress syndrome, transient tachypnea, and no oral feeding for more than 24 hours (Table 1 and Box) . Results for hyperbilirubinemia and hypoglycemia in the crude analyses, as observed in the column showing the prevalence of conditions, were substantially different from the adjusted results because of the heterogeneity in the reported prevalence of these conditions across study sites.
After demonstrating that the 2 phenotypes have distinct neonatal outcomes, including specific morbidity profiles, we conducted multivariable analyses to identify maternal and pregnancy characteristics differentially associated with stunting and wasting. Table 2 reports the association between the 2 phenotypes and maternal social and biological risk factors. Low educational level (<8 years' schooling) was associated with a 20% to 40% greater risk of stunting and wasting compared with higher educational levels (≥12 years). The newborns of short mothers (<150 cm) were 6.7 times more likely to be stunted but 1.9 times more likely to be wasted compared with those who were taller (≥170 cm). Low maternal BMI (<18.5) was associated with an approximately 2-fold increase in risk of both stunting and wasting compared with a BMI of 25 or more. Associations with maternal age were not as clear cut, and 95% CIs often included unity.
In the unadjusted analyses, the lowest risk was for newborns of women aged 30 to 35 years; however, after adjustment for confounding, young mothers were at the lowest risk. Parity was inversely related to stunting, with a 2-fold increase for primiparae compared with mothers with parity of 3 or more; the association with wasting was less marked. Maternal smoking was associated with ORs of 2.8 for stunting and 1.5 for wasting; for illicit drug use, the corresponding ORs were 2.3 and 0.6. Alcohol use was not associated with either outcome in the confounder-adjusted analyses. Among all the risk factors listed in Table 2 , maternal height, age, smoking, and illicit drug use were more strongly associated with stunting than with wasting (Box).
The analyses in Table 3 are limited to 24 192 women with a previous delivery. For those with a previous low-birthweight or preterm newborn, the adjusted ORs were 2.0 and 1.8 for stunting and 2.5 and 1.6 for wasting, respectively. A previous stillbirth or neonatal death was not associated with stunting but showed a marginal association with wasting. None of these factors was more strongly associated with stunting than wasting, or vice versa (Box). Because previous obstetric history is a risk marker rather than a potential determinant of fetal growth, these variables were not included as confounders in the next sets of analyses. Table 4 describes the results for selected maternal clinical conditions during pregnancy. Epilepsy was associated with a nonsignificant doubling of the frequency of both outcomes, but only 87 mothers had this diagnosis. Gestational diabetes was associated with a lower OR (95% CI) for wasting (0.6; 0.5-0.8), but not for stunting (0.9; 0.7-1.1).
Pregnancy-related hypertension, preeclampsia, and severe preeclampsia or eclampsia all had slightly stronger associations with wasting than with stunting. All associations were statistically significant, but ORs were largest for severe preeclampsia or eclampsia (2.5 vs 2.2) compared with preeclampsia (1.9 vs 1.4) and smallest for pregnancy-related hypertension (1.6 vs 1.3), respectively (Table 4) .
Suspected intrauterine growth restriction, defined based on ultrasonographic evidence or if specifically mentioned in the medical records, was more strongly associated with stunting (OR, 5.2) than with wasting (OR, 3.2). TORCH (toxoplasmosis, other [syphilis, varicella zoster, parvovirus B19], rubella, cytomegalovirus, and herpes infections) was associated with both outcomes, with ORs of 3.7 for stunting and 2.7 for wasting, and severe congenital malformations were associated with a doubling in the frequencies of both stunting (OR, 2.3) and wasting (OR, 2.2).
Of the 26 conditions studied (Box), short maternal height, younger maternal age, smoking, gestational diabetes, drug use, and suspected intrauterine growth restriction were more strongly associated with stunting than with wasting. However, wasting was more strongly related than stunting with 4 newborn outcomes (NICU stay, respiratory distress syndrome, transient tachypnea, and no oral feeding for >24 hours). Gestational diabetes was protective against wasting but not stunting. For the remaining 16 conditions, there was no statistically significant evidence of a differential association with either stunting or wasting.
Discussion
We have provided considerable clinical and epidemiologic evidence from the Newborn Cross-Sectional Study component of the concept that stunting and wasting are separate anthropometric phenotypes with intrauterine origins. Although not unexpected, since growth and development from conception to childhood is a biological continuum, the findings improve our understanding of fetal growth alterations beyond the simple evaluation of birth weight. Our analyses' strengths include the large multicountry sample size and the strict pregnancy dating and neonatal standardization procedures across the study sites. In addition, use of the recently published International Newborn Size for Gestational Age standards 5 allowed more precise classification of anthropometric deficits than previously possible. Our analyses focused first on demonstrating that stunted and wasted newborns differ in terms of short-term prognosis. Having shown this, we assessed how the phenotypes differed in terms of risk factors. As expected, some conditions were associated with stunting and wasting with similar strength, mostly those recognized as universal risk factors (eg, educational level, maternal undernutrition, obstetric history). Other factors, in particular the conditions from mild preeclampsia to eclampsia, have such a wide range of severities, presentations, and timing during pregnancy that they are not phenotype specific. A limitation of our analyses is that the Newborn CrossSectional Study follow-up ended at hospital discharge, precluding the analyses of associations between newborn stunting and wasting with longer-term outcomes. However, we are assessing growth and development in a long-term follow-up The observed prevalences of newborn stunting and wasting were relatively low probably because the Newborn CrossSectional Study was performed in generally low-risk populations that were identified as appropriate for selecting mothers to include in the Fetal Growth Standards. Our analyses used Newborn Size Standards derived from a subsample of approximately 20 000 women from the more than 50 000 women included in the present analyses. 5 The subsample was restricted to women who had early ultrasonographic measurement and who met strict individual eligibility criteria for those at low risk of fetal growth impairment. In addition, stunting at birth seems to have a relatively low prevalence even in lowincome settings, with a prevalence increasing sharply with age. 16 In future studies, populations with a higher prevalence of the risk factors analyzed or with different risk factors (eg, malaria, smoking) may strengthen the associations with the 2 phenotypes and almost certainly reinforce the differences between stunting and wasting.
We opted not to correct statistical significance levels for multiple testing. The associations studied are based on a priori hypotheses, because the risk factors and prognostic outcomes are knowingly associated with low birth weight. Our goal was to discover whether these associations are related to the wasting or stunting components of low weight. In addition, we reported exact significance levels so that readers may verify the probability level of each association.
In terms of the association with neonatal outcomes (Table 1) , wasted newborns were more likely to develop neonatal complications than were stunted newborns, perhaps because those with wasting have less fat deposits. However, in terms of mortality prediction, the ORs for stunting were seemingly higher than were those for wasting, but both ORs had wide 95% CIs, and there was no statistically significant difference (Box). In the pediatric literature, 17 severe wasting is associated with a higher risk for mortality than is severe stunting, but the risks are similar for both phenotypes when moderate cases were considered. Neonatal stunting could be related to organic conditions (including undiagnosed malformations) that are less treatable by NICU interventions. For every morbidity, but not for overall mortality, the prognosis for wasted newborns tended to be worse than for stunted newborns. Findings from the analyses of social and biological risk factors confirmed several well-described associations in the birth weight literature; examples of these include maternal educational level, weight, height, smoking, and parity. 18 Our results show a specific differential association between maternal height and stunting but a weaker association with wasting. Our findings on the association of stunting and wasting with maternal age show the importance of adjustment for social and biological confounders; an apparent increase in risk for children born to young mothers was inverted after such adjustment. 19 Maternal smoking and reported use of illicit drugs were more strongly associated with stunting than with wasting. Because these were prepregnancy habits, this effect may be related to exposure from oocyte maturation to birth. Gestational diabetes was associated with a reduced risk of wasting (a well-described effect that is due to increased birth weight and fat deposition), but it had no association with stunting. There was also an expected gradient in both stunting and wasting for the blood pressure-related conditions: the more severe the condition, the stronger the association with both wasting and stunting. Conversely, the association with suspected intrauterine growth restriction was stronger for stunting than for wasting.
Fetal stunting is widely regarded as a cumulative, "longterm" process analogous to chronic undernutrition in children 2 that requires exposure to 1 or more risk factors for several months or throughout pregnancy; neonatal wasting is likely to reflect acute exposures in the weeks before delivery when fat deposition occurs more rapidly. 4 Other investigators, 20 however, have postulated that differences in severity, rather than the timing and duration of the insults, result in the distinct phenotypes of impaired fetal growth, with wasting representing the more severe cases. a Risk factors and outcomes were classified according to whether or not the log ORs for newborn stunting were significantly (P < .05) different from those for newborn wasting, using a bootstrapping procedure.
b Gestational diabetes was protective against wasting but was not associated with stunting.
Impaired fetal growth (for which impaired newborn size is a proxy) is a complex syndrome. Its components are interlinked with multiple etiologic factors that have specific shortand long-term effects. The proportional distribution of impaired fetal growth across populations is dependent on the prevalence of multiple, underlying causal factors. Further characterization of phenotypes and validation in different populations is needed, as we have attempted for the preterm delivery syndrome. 21 We envisage that, in time, the phenotypic characterization of growth disturbances described in this study could, after testing across populations, be refined by research findings into fetal organ growth and placental blood flow patterns as well as biological markers related to the etiology or pathophysiology of the causal conditions. The markers could include maternal nutrient or growth factor levels, immunologic or inflammatory markers, epigenetic profiles, and genetic variants. The phenotypic characterization of growth disturbances should extend to the other end of the spectrum to include overweight disorders, which represent a major public health problem across the world.
Conclusions
Diminished size at birth and suboptimal fetal growth patterns, particularly when used in conjunction with gestational age, are powerful predictors of short-term morbidity and mortality, developmental outcomes, long-term health, and the risk of chronic disease in adulthood. [22] [23] [24] We have shown that classification of newborns in terms of both stunting and wasting improves the understanding of risk factors and prognosis. In pediatric practice, sole reliance on weight for age is being replaced by assessments of linear growth (length) and adiposity (BMI). We propose that it is time to incorporate these concepts into the anthropometric assessment of newborns.
